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The stratified squamous epithelium 
of the esophagus forms a tight pro- 
tective barrier. Defects of the barrier 
function contribute to gastroesopha- 
geal reflux disease (GERD), which is 
manifested as damage to the esophageal 
epithelium due to exposure to the gas- 
trointestinal refluxate. In this review, 
we discuss the involvement of NFkB 
and Nrf2 in esophageal epithelial barrier 
function. Understanding these molecu- 
lar pathways in the esophagus may help 
us develop therapeutic strategies to 
improve clinical outcomes in patients 
with GERD. 

Gastroesophageal reflux disease 
(GERD) causes heartburn, which leads to 
substantial impairment of quality of life 
and work productivity. The prevalence of 
GERD is increasing worldwide, especially 
in the developed world. It has become the 
most commonly seen gastrointestinal dis- 
order. Additionally, some patients with 
GERD may develop further complica- 
tions like strictures and Barrett's esopha- 
gus, the latter predisposing to esophageal 
adenocarcinoma. 

GERD is mainly treated with lifestyle 
modifications, pharmacotherapy, and 
occasionally anti-reflux surgery. Anti-acid 
therapy, especially proton pump inhibi- 
tors (PPI), remains the mainstay in the 
management of GERD. 1 The long-term 
use of PPIs has a great efficacy and safety 
profile. 2 However, as many as 10—40% of 
patients find their symptoms inadequately 
controlled, especially at night. Weakly 
acidic reflux, bile reflux, mechanical 
stimulation, and esophageal hypersensi- 
tivity may all contribute to PPI failures. 3 



In addition, long-term side effects of PPI 
therapy are still of concern in clinical 
practice and in public media (New York 
Times, June 26, 2012): (1) potential can- 
cer promotion due to hypergastrinemia 4 
or CyplAl induction; 5 (2) nutritional 
malabsorption and subsequent conditions 
due to hypochlorhydria; (3) interference 
with the antiplatelet effect of clopidogrel; 
(4) increased risk of bacterial infections 
and alterations of gastric microbiota 6 ; (5) 
increased risk of bone fracture. 7 Therefore, 
it is important to study the mechanism of 
GERD and develop additional treatment 
modalities. 

Esophageal Defense and GERD 

The esophageal defense mechanism is 
made up of pre-epithelial defense, epithe- 
lial defense and post-epithelial defense. 
The stratum corneum comprises the 
uppermost seven to eight cell layers and 
these are primarily designed as a mechani- 
cal barrier for protection against lumi- 
nal contents. The combination of apical 
junction complexes (AJCs) and apical cell 
membranes within the stratum corneum 
is largely what accounts for the esophageal 
epithelium being 'electrically tight'. 8 The 
tight junction (TJ), adherens junction and 
desmosome comprising the AJC are highly 
complex organelles. For TJ in esopha- 
geal epithelium, occludin and claudins 
(Cldns) are the major proteins bridging 
the intercellular space, with Cldnl and 
Cldn4 being the most highly expressed. 9 
Overexpression of Cldn4 increases tran- 
sepithelial electrical resistance (TEER) 
and lowers paracellular permeability for 
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Figure 1. NFkB and Nrf2 regulate esophageal barrier function during gastroesophageal reflux. 
This mechanistic model implies that NFkB inhibitor and Nrf2 activator can be potentially used 
for GERD therapy. 



cations in MDCK II cells, 10 suggesting 
that Cldn4 is potentially a major TJ pro- 
tein contributing to barrier function in 
esophageal squamous epithelium. Cldnl 
deficiency causes postnatal death due 
to skin barrier defect to the water loss. 11 
Cldn4 deficiency causes urothelial hyper- 
plasia and progressive hydronephrosis. 12 
However, esophageal phenotypes of Cldnl 
or Cldn4 deficient mice have not yet been 
studied. In the adherens junction, the 
major transmembrane adhesive protein is 
E-cadherin, and conditional knockout of 
E-cadherin in mouse esophageal epithe- 
lium significantly increased its permeabil- 
ity. 13 In desmosomes, the transmembrane 
adhesive proteins are the desmogleins and 
desmocollin. 

During gastresophageal reflux, luminal 
acid causes injury of the esophageal epi- 
thelium by altering the AJC and causes an 
early increase in paracellular permeability 
and dilated intercellular space (DIS). 14 
These alterations include changes in the 
TJ proteins (occludin, Cldnl, Cldn3, 
Cldn4), the number of desmosomes, and 
cleavage of the adherens junction protein 
E-cadherin. 13 Following reflux-induced 
injury, oxidative stress and inflammation 
take place in the esophageal epithelium. 15 
Using surgical models with rats, we have 
shown that gastroesophageal reflux pro- 
duces oxidative damage in esophageal 



epithelium, and antioxidants have chemo- 
preventive effects on adenocarcinoma. 16 
Oxidative stress may also induce DIS and 
impair the barrier function as well. 17,18 
Inflammation is triggered by the release of 
chemokines and cytokines when cells are 
stimulated by reflux; this promotes and 
perpetuates injury directly by attenuating 
epithelial barrier function, and indirectly 
by altering neuromuscular transmission of 
esophageal smooth muscle. Consequently, 
inflammation can reduce lower esopha- 
geal sphincter pressure, impair peristaltic 
contractility, and contract longitudinal 
muscle, promoting creation of a hiatal 
hernia. In effect, inflammation can both 
augment reflux and delay clearance, pro- 
ducing a vicious cycle. 

NFkB, Epithelial Defense and 
GERD 

During gastroesophageal reflux, NFkB 
positively regulates the expression of IL1B, 
IL6 and IL8 in immune cells and esopha- 
geal epithelial cells, which in turn directly 
or indirectly activates NFkB pathway. 
Many studies have clearly shown that 
levels of IL8 and IL1B were upregulated 
and NFkB was activated in the esopha- 
geal epithelium of GERD patients. 19 In 
vitro experiments showed that exposure 
of human esophageal epithelial cells to 



acid or bile acid was able to activate NFkB 
pathway. 20 ' 21 

NFkB pathway is known to regulate 
expression of TJ proteins. TNFa has been 
shown to remove Cldnl from TJ and 
increase Cldn2 expression in colon cancer 
cells, and increase paracellular permeabil- 
ity of the cell monolayer. 22 In endothelial 
cells, TNFct downregulated expression of 
Cldn5, Cldnl and ZOl. 23 In the esopha- 
geal epithelium, ChIP assay demonstrated 
binding of NFkBp50 subunit to the pro- 
moter of murine Cldn4 (unpublished 
data). It has been shown that deficiency of 
TJ proteins (e.g., Cldn7, occludin) or an 
adherens junction protein (pl20 catenin) 
produced chronic inflammation, in which 
NFkB activation plays a critical role. 24 " 26 

Our recent study on mouse models and 
previous studies on the rabbit model and 
human patients suggest that the impair- 
ment of esophageal barrier function dur- 
ing gastroesophagael reflux may result 
from synergistic actions of chemical injury 
and NFKB-mediated inflammation. With 
surgically induced duodenal and mixed 
reflux models in mice, our study showed 
that NFkB pathway plays an integral 
role in gastroesophageal reflux-induced 
impairment of esophageal barrier func- 
tion. Treatment with an NFkB inhibitor 
suppressed NFKB-regulated cytokines 
and inhibited damage to esophageal bar- 
rier function in vivo. 27 It should be noted 
that gastric acid reflux in mouse esopha- 
gus does not produce evident changes of 
esophageal barrier function and inflam- 
mation, unlike gastric acid exposure in 
the rabbit model and human patients. The 
rodent esophagus (e.g., rat, mouse) is lined 
by a fully keratinized epithelium that is 
more sensitive to duodenal refluxate than 
to gastric refluxate. On the contrary, rab- 
bit esophagus with a partially keratinized 
epithelium and human esophagus with a 
non-keratinized epithelium are sensitive to 
both refluxates. 

Nrf2, Epithelial Defense and 
GERD 

As a major cellular defense pathway, 
the Nrf2 pathway is known to regu- 
late expression of enzymes involved in 
detoxification and anti-oxidative stress 
response. Nrf2 forms heterodimers with 



CD 
•*—> 

Z5 



CO 

'~o 

o 
c 

o 
Q 

6 
o 
c 

CD 

"o 

CO 
O 

in 

CO 

0 

"D 

CO 



o 

CM 

© 



e27463-2 



Tissue Barriers 



Volume 2 



small Maf proteins and binds to the anti- 
oxidant response elements of target genes 
when cells are exposed to oxidative stress 
or electrophiles. Keapl (Kelch-like ECH- 
associated protein 1) inhibits the function 
of Nrf2 by retaining Nrf2 in the cytoplasm 
under normal physiological conditions, 
and by allowing nuclear translocation of 
Nrf2 under stress conditions. 28 

The developmental process of mouse 
esophageal epithelium is divided into 
three phases based on morphological 
changes: (a) The specification phase is 
defined as the phase during which the 
definitive endoderm differentiates into 
the esophagus, (b) The metaplasia phase 
is defined as the phase during which 
the simple columnar epithelium in the 
esophagus undergoes metaplastic changes 
(stratification, squamation and kerati- 
nization) into a keratinized stratified 
squamous epithelium, (c) The matura- 
tion phase is defined as the phase during 
which the keratinized stratified squamous 
epithelium continues to thicken and 
finally forms the esophageal epithelium in 
adults. During esophageal development, 
the Nrf2/Keapl pathway had a baseline 
activity in the metaplasia phase and was 
further activated in the maturation phase. 
Keapl deficient mice developed esopha- 
geal hyperkeratosis probably due to acti- 
vation of PPARfj/8 and the PI3K/Akt 
pathway. It is concluded that the activity 
of Nrf2/Keapl pathway is required for the 
maturation of the esophagus. 25 Since the 
keratinized layer is the major protective 
layer against physical stress and chemi- 
cal injuries, and terminally differentiated 
keratinocytes express proteins which can 
provide protection by quenching reactive 
oxygen species, we further investigated the 
role of Nrf2 in esophageal epithelial bar- 
rier function, using both human samples 
and mouse surgical models. 30 We found 
Nrf2 was activated in GERD as evidenced 
by its nuclear localization and overexpres- 
sion. Consistent with our observations, 
previous studies on rat models of GERD 
also showed upregulation of Nrf2 target 
genes, such as HOI and MTl. 16 Using 
wild-type and knockout mice, we found 
that Nrf2 deficiency clearly reduced 
TEER in the absence of reflux. These 
data are consistent with previous work 
suggesting that gastroesophageal reflux 



produced reactive oxygen species, induced 
DIS, and impaired the barrier function of 
esophageal epithelium. 17,18 Interestingly, 
both immunostaining and western blot- 
ting showed significant downregulation 
of Cldn4 in the esophageal epithelium 
of Nrf2 deficient mice. ChIP analysis 
clearly showed binding of Nrf2 to the 
predicted sites in the promoter region of 
mouse Cldn4 gene. We then concluded 
that Nrf2 deficiency impairs esophageal 
barrier function through disrupting the 
integrity of energy-dependent tight junc- 
tion. In vitro experiments have shown 
that acid, bile salts, and acidified bile 
salts modulated the barrier function of 
epithelial cells by altering the expression 
and localization of Cldn4. 31,32 ChlP-seq 
experiments have shown that Nrf2 binds 
to Cldn4 promoter in mouse embryonic 
fibroblasts. 33 Nrf2 activator, Quercetin, 
significantly enhanced intestinal barrier 
function through upregulation of Cldn4 
in Caco-2 cells. 34 

A new question may be asked: Can 
Nrf2 activators regulate esophageal bar- 
rier function against gastroesophageal 
reflux? Since the discovery of sulfora- 
phane, a compound extracted from broc- 
coli, many Nrf2 activators have been 
discovered and tested for their therapeu- 
tic efficacy in animal models and clinical 
trials. Triterpenoids (e.g., CDDO-Me) 
are among the most potent Nrf2 activa- 
tors. 35 The biochemical mechanism of 
these compounds has been well studied. 
These compounds act on Cys residues of 
Keapl to activate Nrf2. Because of their 
good safety profiles, both sulforaphane 
and CDDO-Me have been used in clinical 
trials for human diseases associated with 
oxidative stress such as cancer and chronic 
kidney disease. 36 

It should be noted that Nrf2 is a 
double-edged sword. During cancer 
chemotherapy, Nrf2 activators actually 
help cancer cells survive chemotherapy- 
induced oxidative stress. 37 K-Ras(G12D), 
B-Raf(V6l9E) and Myc(ERT2) each 
increased the transcription of Nrf2 to 
confer a more reduced intracellular envi- 
ronment. Genetic targeting of the Nrf2 
pathway impairs K-Ras(Gl 2D) -induced 
proliferation and tumorigenesis in vivo. 38 
This is probably why point mutations of 
Keapl and Nrf2 have been frequently 



detected in human squamous cell carci- 
noma of the lung, head and neck, and the 
esophagus. 

To reconcile the good and bad sides 
of Nrf2, Kensler and Wakabayashi pro- 
posed a concept of "inflection point" to 
explain why intermittent dosing with 
Nrf2 activators is unlikely to promote 
carcinogenesis. 39 Indeed, systemic sulfora- 
phane administration did not promote 
the growth of K-ras(G12D)-induced lung 
tumors and had no significant effect on 
the growth of established tumor xeno- 
grafts in nude mice. 40 The consensus in 
this field is that activation of Nrf2 path- 
way by small-molecule inducers does not 
replicate the magnitude and duration of 
genetic perturbation, and thus will not 
promote carcinogenesis especially when 
used in a short-term. 

Interactions Between 
NFkBandNrf2 

The NFkB and Nrf2 pathways inter- 
face at several points to control the tran- 
scription or function of their downstream 
targets. Antagonism and synergy occur 
between members of these two pathways 
through direct effects on transcription 
factors, protein-protein interactions, or 
second-messenger effects on target genes. 
More and more evidence confirmed the 
crosstalk between Nrf2 and NFkB under 
pathological conditions. 41 Recent data 
have suggested the Keapl/Cul3/Rbxl 
E3-ubiquitin ligase complex as a com- 
monly machinery regulating both the 
Nrf2 and the NFkB pathways. Genetic 
disruption of this complex has been shown 
to be a key mechanism of NFkB activation 
in human lung cancer. 42 In fact, Keapl 
functions as an IKK(3 E3 ubiquitin ligase. 
Deletion of Keapl led to the accumulation 
and stabilization of IKK|3 and upregula- 
tion of NFkB-derived tumor angiogenic 
factors. 43 

On one hand, Nrf2 and NFkB can be 
functionally antagonistic. Absence of Nrf2 
induces more aggressive inflammation 
through activation of NFkB and down- 
stream proinflammatory cytokines in 
astrocytes. 44 Activation of Nrf2 -mediated 
antioxidative signaling attenuates NFkB- 
mediated inflammatory response in a coli- 
tis-associated colorectal cancer model. 45 
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Nrf2~'~ mice showed increased pulmonary 
NFkB activity and inflammatory response 
after traumatic brain injury. 46 Keapl phys- 
ically associates with NFkB-p65 in vitro 
and in vivo, and NFkB signaling inhibits 
Nrf2 pathway through the interaction of 
p65 and Keapl. 47 p65 also represses the 
Nrf2 pathway at the transcriptional level 
through HDAC3 and CBP. 48 

On the other hand, NFkB and Nrf2 
both regulate a subset of target genes, 
including HOI, GCLC, Gai2, and 
IL8. Recently, it has been reported that 
p65 even has a direct role in antioxidant 
homeostasis contributing to redox balance 
in renal cells. There seems to be a synergy 
between NFkB-p65 and Nrf2 in regulat- 
ing antioxidative response in these cells. 45 
NFkB subunits p50 and p65 induce tran- 
scription of Nrf2 in AML cells at a spe- 
cific promoter kB site, and thus encourage 
resistance to chemotherapy-induced 
cytotoxicity. 50 

Conclusion and Perspectives 

In conclusion, our studies have shown 
that gastroesophageal reflux exposure 
activates two key pathways in esopha- 
geal epithelium, the NFkB pathway and 
the Nrf2 pathway. Activation of NFkB 
pathway impairs esophageal barrier func- 
tion and activation of Nrf2 pathway may 
play a protective role. Thus, targeting the 
NFkB pathway and activating the Nrf2 
pathway may strengthen esophageal bar- 
rier function against gastroesophageal 
reflux. Both genetic and pharmacologi- 
cal approaches may be used to further test 
in vivo and in vitro roles of these path- 
ways in esophageal barrier function. For 
example, to determine whether NFkB and 
Nrf2 pathways impact barrier function 
through Cldnl or Cldn4, gastroesopha- 
geal reflux can be surgically produced 
in Cldnl or Cldn4 conditional knock- 
out mice, EDL2Cre;Cldnl loxP/loxI> and 
EDL2Cre;Cldn4 1 ° xP,bxP , in which Cldnl or 
Cldn4 is specifically deleted in esophageal 
squamous epithelium. After treating these 
mice with an NFkB inhibitor or an Nrf2 
activator, we can examine esophageal bar- 
rier function, morphology and molecular 
alterations in these mice. These studies 
will help us better understand how Nrf2 
and NFkB interact with each other in 



regulating esophageal epithelial defense, 
and may potentially develop novel GERD 
therapy (Fig. 1). 
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Note 

Commentary review with reference to 
our recent paper: Chen H, Hu Y, Fang Y, 
Tevebaugh W, Djukic Z, Yamamoto M, 
Shaheen NJ, Orlando RC, Chen X (2013). 
Nrf2 deficiency impairs the barrier func- 
tion of mouse esophageal epithelium. Gut 
doi:10.1136/gutjnl-2012-303731. 
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